Microfluidics systems that have been emerged in the last 20 years and used for processing the fluid in a microchannel structure at microliter levels are alternative to the conventional methods. The objective of the study is to develop a microfluidic platform for determination of the microbial load and the number of somatic cells in milk. For this purpose, a polydimethylsiloxane (PDMS) chip with a channel size of 300 μm × 60 μm was produced. Cells/bacteria labeled with fluorescent stain in milk were counted with the proposed microfluidic platform and the results were compared with the reference cell concentration/the bacterial counts by conventional method. It was found that our platform could count somatic and bacterial cells with an accuracy above 80% in 20 min run for each analysis. The portable overall platform has an overall dimension of 25x25x25 cm and weighs approximately 9 kg.
Introduction
Microfluidic platforms can serve as a powerful tool for detection and identification of bio-particles from a sample. Especially, when the bio-particle is pathogenic, rapid detection is utmost important for public health. Many microfluidic platforms have been proposed for bacterial detection in clinical samples such as blood and urine. Wu et al. (2009) demonstrated a microfluidic device to separate bacteria (E.coli) from human red blood cells at high cell concentrations (above 10 8 cells/mL) using a sample flow rate up to 18 μL/min. Since the separation was based on hydrodynamic effects, it is mainly based on size, and cannot differentiate viable and non-viable bacteria. Golden et al. (2013) and Wen et al. (2014) proposed microfluidic platforms for identification of multiple pathogenic bacteria responsible for urinary tract infection with a coincidence rate above 90% as compared to the conventional methods. Metzger et al. (2014) suggested automated dark field microscopy to simultaneously identify and quantify immobilized live pathogen bacteria directly from clinical samples within less than 4 h including sample preparation and data acquisition. Recently, Yasaki et al. (2018) combined ionic current sensing and fluorescence detection in a microfluidic device to discriminate bacteria. The device was capable of identifying not only the internal structure of the bacteria such as Gram positive or negative but also measuring the size of individual bacteria at the same time. Very recently, two microfluidic platforms have been proposed for isolation of bacteria from blood cells at high cell concentrations employing acoustophoresis in a silicon (Ohlsson et al. 2018) and plastic microfluidic chips (Dow et al. 2018 ) at a sample flow rate of 50-400 μL/min which leads to high enough throughput for many clinical applications (Cetin et al. 2014 ). However, both platforms rely on bulky hardware for flow control and acoustic actuation, and lack of a rapid detection systems.
Detection and identification of possible foodborne pathogens also play a vital role in the control of food quality. Many microfluidic systems have also been proposed to be utilized in food industry as well. Several platforms presented for detection of mycotoxins (Guo et al. 2015) , Listeria monocytogenes with Polymerase Chain Reaction (PCR) (Delibato et al. 2009 ), E.coli O157:H7 with immunomagnetic separation followed by real time PCR (Fu et al. 2005) , food or waterborne pathogenic rotavirus with reverse transcription-PCR systems (Li et al. 2011) as well as electrochemical detection of foodborne bacteria based on sensing of bacterial RNA without any nucleic acid amplification (Pöhlmann et al. 2009 ). Although much faster analysis time compared to the conventional techniques (such as plating) was achieved with these microfluidic platforms, the fabrication of the chip and/or operation requires some biochemical reagents which would increase the cost of the analysis and/or disposable set, and still requires a total analyses time of couple of hours.
Besides detection, enumeration of bio-particles is also essential for many biological and chemical applications. More specifically, it is a prominent issue for milk industry (e.g. total viable count or somatic cell count). Milk has a complex matrix composed of fat globules in colloidal form and water with dissolved carbohydrates and protein complexes. It has neutral pH, high nutrient content and water activity value, which makes it suitable growth media for microorganisms (Mortari and Lorenzelli 2014) . Somatic cell counts and total viable counts in milk are generally used as an index of udder health in dairy cows. However, positive relationship between somatic cell counts, total viable counts and mastitis in dairy is a questionable issue. When the number of bacteria in milk increases, the number of somatic cells also increases due to the infection, especially mastitis (Zeng et al. 1999) . Currently, detection and enumeration of microbial contaminants rely extremely on conventional methods such as plating, direct microscopy, redox staining etc. Generally, those are laborintensive procedures that require days for analysis and skilled personnel to interpret the results. Flow cytometry was also applied for analysis for relatively rapid analyses of bacterial load in milk (Gunasekera et al. 2000 (Gunasekera et al. , 2003 , however the necessity for skilled personnel is still on the table together with relatively expensive hardware and disposables. Therefore, fast, sensitive, cost effective, reliable, repeatable method or technology for the microbial and somatic cell counts in dairy industry is desirable and would be very beneficial. In addition, a platform with portability would also realize on-site analysis. Moon et al. (2007) investigated the use of a microfluidic system for counting somatic cells in milk. In their study, after stabilization of somatic cells with potassium dichromate, cells were stained with fluorescent dye and counted with microfluidic chip-based system with a rate of 1360-7920 somatic cells per minute. Yamaguchi et al. (2006) and Ikeda et al. (2009) were used commercially available on-chip flow cytometry device (Agilent 2100 Bioanalyzer) to detect labelled Pseudomonas and L.monocytogenes cells with fluorescence in situ hybridization probe (FISH) in milk and they reported that the total analysis time (including sample preparation and chip analysis) was around 4 h with a detection limit of 1 × 10 6 cells/mL. Fernandes et al. (2014) were developed on chip flow cytometry device to identify and quantify magnetically labelled S. agalactiae in milk. They found that milk constituents (fat globules, casein etc.) inhibit bonding of magnetic nanoparticles to the bacteria leading to lower signal amplitudes. Moreover, strong magnetic product leads to agglomeration of cells in microchannel. Although very promising and satisfactory results have been reported for water, on the milk side (which has a relatively more complex matrix) microfluidics platforms with relative fast analyses time is limited. Garcia-Cordero et al. (2010) developed a low-cost, portable microfluidic system to count somatic cells and measure the fat content of milk, simultaneously. Accurate somatic cell count was achieved over the range of 5 × 10 4 -3 × 10 6 cells/ mL with a total analysis time of 15 min. Despite the fact that microfluidic systems are proposed in the literature for the determination of microbial load and somatic cell count, most of proposed systems require long analysis time to process, skilled personnel, and relative expensive hardware and disposables. Moreover, most of them focus on either somatic cell or bacterial cell counts.
Microfluidic systems with flow control units need to be disposal to preclude any source of biological and chemical contamination and ensure clean operation. To overcome aforementioned issues regarding determination of microbial load and somatic cell counts in milk, we present a microfluidic platform consists of disposal microfluidic chip and in-house build fluorescence detection system in this study. Microfluidic chip delivers the sample into the optical detection area, and the system does not require any means of controlled pumping; therefore, the platform is free of hardware for flow control. For the counting process, two alternative counting algorithms have been developed both of which do not rely on precise flow rate control. For most of the bio-particle concentrations, the counting is achieved with an accuracy above 80%. Somatic cell and bacteria counts are performed within 20 min of processing time (15 min for staining, 5 min of onchip analysis) on a portable platform. The overall platform has an overall dimension of 25 cm × 25 cm × 25 cm, weights approximately 9 kg, and can be transferred to the site for on-site analysis. The cost of the overall platform is estimated as $2500, and the cost of the counting for one single set is estimated as couple dollars.
Materials and methods
Bacterial and somatic cell counts were carried out with a microfluidic chip (Fig. 1) . The microfluidic chip consists of a rectangular microchannel with a cross-section of 300 μm × 60 μm (WxH). The size of the microchannel was decided to maximize the performance of the optical hardware. The mold of the microfluidic device fabricated out of aluminum. Fabrication of the mold was performed by a 3-axis micromachining center (PROINO Z3X Micro Maker, Mikro Protez Ltd. Şti., Ankara, Turkey) with an accuracy of 5 μm. The details about the mold machining can be found elsewhere (Zeinali et al. 2015 ) .
Optical hardware
The optical system design shown in Fig. 2 was developed to perform bio-particle counting experiments. In this design, all optics was constructed on a single plane which was placed onto a motorized z-axes translation stage to adjust the focal distance between the objective and sample. Software developed in-house was employed to control image acquisition and stage movement. Objective lenses with 40X and 100X magnification were employed for the somatic and bacterial cell counts, respectively. The beam produced by a laser source (532 nm) was directed to the sample with an adjustable silver mirror through a beam expander, and the beam reflected from the sample was imaged by a monochrome CCD camera (Imaging Source DMK 31BU03) after passing through a Barlow lens that adjusted the magnification for visualization of the entire channel on the camera sensor. The laser beam was not spatially filtered to provide high-intensity excitation. Both the transmitted and reflected beam were filtered with a fluorescent cube designed for PYMG staining. Measurements of cells stained with SYTO 9 were performed by replacing the laser light source with an LED light source (FWHM 30 nm at 470 nm) and with a suitable filter cube. In addition, a white LED was used to center the channels in the camera image before fluorescence imaging. Prior to each measurement when the channels were filled with stained cells and there was no flow, the z-stage was moved at 5 μm intervals through a depth of 60 μm to capture the images to find the imaging plane with the maximum density.
Chip fabrication
Chip was fabricated by PDMS (Polydimethylsiloxane) molding using aluminum molds and Sylgard® 184 Silicone Elastomer Kit (Sigma, USA). PDMS and curing agents were mixed in the ratio of 10:1 and poured into the mold to produce the chips. Vacuum was applied to the mold for 15-20 min to remove air bubbles in the mixture. Then, the mold was placed in an oven at 80°C for 40-45 min to cure PDMS. The PDMS piece was carefully peeled off from the mold. The inlet and outlet wells were punched out. The PDMS piece was bonded onto a clean slide following a 50-s plasma treatment (Zeinali et al. 2015; Cetin et al. 2016 ).
Milk samples and test cultures
Certified reference milk samples (RMS, Associazione Italiana Allevatori Laboratorio Standard Latte, Italy) were used in the experiments to determine somatic cell count. RMS were stored in the refrigerator until their expiration dates. Four different samples at concentration of 122,000 cells/mL, 250,000 cells/mL, 535,000 cells/mL and 748,000 cells/mL were prepared.
Skimmed UHT milk (SUM; İçim, Ak Food Industry and Trade Inc., İstanbul, Turkey) was used for the experiments to determine bacterial counts. Milk was obtained from a local market in İzmir, Turkey and sterilized at 121°C for 15 min before the experiments. S. aureus ATCC 6538P and E. coli ATCC 8739 were employed as the test cultures which were obtained from Microbiology Laboratory at Ege University, Department of Food Engineering.
Somatic cell count in RMS
Somatic cells in RMS were stained by the addition of 6 μL Pyronin-Y Methyl Green (PYMG, Abcam, USA) to each 1.0 mL RMS and waited for 6 min at room temperature in the dark according to Abcam PYMG staining procedure (Abcam, USA). Then, the somatic cells were counted by using the microfluidic platform. Stained RMS was load into the inlet reservoir with a micropipette. Following the filling of the channel with the stained RMS, the cells in the channel were observed and counted under fluorescent light with the optical system. 1-dimensional (1D) and 2-dimensional (2D) imaging techniques were implemented for enumeration of the cells by a CCD camera. The 1D method is fast and can be performed in real-time but requires knowledge of the flow rate. The 2D approach requires post-processing of the images but does not need data on flow rate since the measurements are carried out in a known volume. The 1D imaging technique minimizes cell count errors that may arise from non-homogeneous illumination within the chip. A laser and LED were used as excitation sources in the compact fluorescence imaging system because of their size and power. However, spatial variations in the beam causes non-uniform illumination, thus requiring spatial filtering of the source. The filtering was not incorporated into the system as it reduces the intensity below the acceptable level for measurement. For this reason, 1D measurements were only performed in the middle of the channel. As delineated in Fig. 3 , a horizontal line was selected at the vertical mid-point of each time-recorded image. A space-time image was then generated by stacking the fluorescence intensities along these lines. The space-time image was binarized and the individual connected components identified as cells were counted as a function of time. In this technique, the flow rate needs to be known to determine the number of cells per volume. The flow speed was calculated by selecting a second horizontal line close to the first one and finding the maximum correlation time between the signals on these selected lines. The average speed over the measurement period was estimated as 80 μm/s. Then, the number of cells counted per second along with the flow rate was used to calculate the number of cells per mL. Figure 4 shows the cell concentration as a function of time in a cross-sectional area of 0.018 mm 2 (channel width x depth) for an RMS reference sample. Since there were a few cells within the imaging volume, it was likely that no cells were located on the line as the measurement started. For a similar reason, the number of cells detected within a few seconds fluctuated and produced noise in estimating the concentration. Acquisition over a relatively long time (e.g. 90 s) was enough to obtain an accurate estimate of the number of cells counted per second. The measured concentration of the cells started to converge to a constant value of 247.50 K cells/mL (which was estimated by a linear fit) after 90-s of data Fig. 4 The number of cells per ml given as a function of time. The estimated value is 247.50 K cells/ml, and the reference value is 250 K cells/mL for the RMS sample collection. A horizontal line is fitted for the data between 60 s and 90 s. Different RMS sample concentrations flowing at the same rate were determined by a similar approach. To check the repeatability of the technique, at least five 90-s intervals were employed from data taken over a course of about 6 min at each concentration. All five 90-s intervals generated a result within ±%4 of the mean value. The 2D imaging technique, which is robust to spatial intensity variations, employs counting in a known volume (imaging area x channel height) without any need for the flow rate. It is a slower alternative to the 1D method since it requires batch processing of images after the data collection which takes about 2-4 min depending on the cell concentration in the sample. Detection of somatic cells in a volume of 0.00594 mm 3 using this approach is demonstrated in Fig. 5 . Fluorescence images of the cells were captured at a frame rate of 16 frames/s. In order to minimize the effect of non-uniform illumination, a background image was first obtained by averaging the time series of images, and then it was extracted from each image in the sequence. Cells were identified by an autothresholding algorithm in which size-based filtering was also applied to eliminate non-cell artifacts. One-minute acquisition time was ample to obtain a statistically significant average number of cells per volume. The mean value changed by only ±2% for the five times greater measurement period. This technique is capable of measuring concentration as low as 10 4 stained cell/mL. One important issue is that the flowing solution needs to uniform cell concentration, otherwise the counting result would change depending on time frame images are acquired for the post-process.
Bacterial count in SUM
Bacterial cultures were maintained Plate Count Agar (PCA, Merck, Germany) slants at 4°C. They were activated 2 times at 37°C for 24 h in 5 mL Nutrient Broth (NB, Oxoid, UK), and then 2% of cultures were inoculated in 100 mL NB. Bacterial suspensions were divided into 10 tubes and incubated at 37°C for 12 h. Following incubation, E.coli and S.aureus cultures were centrifuged at 5000 rpm for 30 min and washed with 0.85% NaCl (Merck, Germany) two times (AOAC 1984) . The pellet of the last step of the centrifugation was re-suspended in 0.85% NaCl equal to the initial volume of the supernatant (E.coli and S.aureus suspensions). Conventional method was employed for quantification of the bacterial cells in the suspension. After preparing appropriate (Invitrogen, UK) . The staining protocol of the manufacturer was implemented. Accordingly, equal volumes of component-A (SYTO 9 dye, 1.67 mM / Propidium iodide, 1.67 mM) and component-B (SYTO 9 dye, 1.67 mM / Propidium iodide, 18.3 mM) were combined in a microfuge tube and mixed thoroughly. Three microliters of the dye mixture were added into 1.0 mL of the bacterial suspension and mixed. Samples were waited at room temperature for 15 min in the dark, and then counted by the microfluidic platform (Table 1) .
Results and discussion
3.1 Somatic cell count RMS containing somatic cells at four different concentrations (122,000 cells/mL, 250,000 cells/mL, 535,000 cells/mL and 748,000 cells/mL) were employed to determine the reproducibility and accuracy of the platform. Both 1D and 2D imaging techniques were implemented. The results obtained by 1D imaging technique presented in Fig. 6-(a) . According to the results obtained by 1D imaging technique, 79,710 cells/mL, 241,260 cells/mL, 459,050 cells/mL and 693,440 cells/mL were counted as an approximate value in the RMS samples as summarized in Table 2 . Even if 1D imaging was employed for different 90-s intervals as mentioned in Section 2.4, only one set of measurement data is presented in Fig. 6(a) for each concentration to resemble the real operation of the device. It was found that our platform could count somatic cells in RMS with an accuracy above 80% by 1D imaging technique. The error bars are not presented on Fig. 6-(a) since the method has only one experiment for each data. Comparison of the counting results in RMS by 2D imaging technique was shown in Fig. 6-(b) . At each somatic cell concentration, 1000 fluorescence images were captured at a known microchannel volume. The somatic cells were detected and counted in each fluorescence image. Standard deviation was obtained by analysis of 1000 images at each concentration value. The somatic cell count in RMS was determined with a minimum accuracy of 80%. The figure also shows the standard deviation value calculated for each data. The standard error is much lower because it is calculated over 1000 images (data not shown). These calculations were obtained from 1000 images for a measurement duration of one minute. If the measurement of time and number of captured image increase, the standard deviation will decrease. However, it will not result in a significant change in the average value.
Bacterial count
SUM milk samples inoculated with E. coli at four different concentrations and the combination of E.coli and S.aureus at three concentrations were counted using both plate count method and the microfluidic platform to evaluate reproducibility and accuracy of the proposed method. The bacterial count results by the conventional method and dilutionrelated estimated values of the samples are given in Table 2 and Table 3 . Four different concentrations (1.03 × 10 7 CFU/ mL, 1.03 × 10 6 CFU/mL, 5.15 × 10 5 CFU/mL, 1.03 × 10 5 CFU/mL) were used for counting SUM samples including only E.coli. The results are presented in Fig. 7-(a) . E.coli in SUM was counted by the microfluidic platform with an accuracy above 80% as compared to the conventional method.
Following the E.coli count, total bacteria count experiments were carried out. Three different concentrations (1.57 × 10 7 CFU/mL, 1.57 × 10 6 CFU/mL and 7.85 × 10 5 CFU/mL) were used in the mixture of E.coli and S.aureus in SUM samples.
The results are shown in Fig. 7-(b) . SUM including different concentrations of E.coli and S.aureus were counted by our platform with an accuracy above 80% as compared to the conventional method. The results are also summarized in Table 2 and Table 3 . Satisfactory cell/bacteria counting results (from 10 5 to 10 6 cells/mL concentrations) were obtained with an accuracy above 80% by the microfluidic platform as compared to the reference cell concentration. However, the same successful counting was not obtained under 10 5 cells/ml concentrations since the number of particles passing through the measurement window seen with the optical system decreases to 1-2 particles/min which leads to significant statistical errors. When the performance of the microfluidic platform was compared to existing microfluidic devices, it was shown that commercial microfluidic device (Agilent 2100 Bioanalyzer) could count 10 2 cells/mL (Ikeda et al. 2009 ). Flow cytometry systems can detect as small as 10 3 cells/mL. However, these systems are not suitable for measurements of samples which has high cell concentrations (approximately above 10 6 cells/ mL) as they achieve saturation at high cell concentrations. In addition, they are costly and require skilled personnel to operate. A counting chamber, particularly the hemocytometer, may be viable and simple solution for determining the number of cells per unit volume of a suspension under a microscope. However, the counting chamber requires manual counting which is time-consuming, labor-intensive and prone to human error. The present platform can analyze 15 μL of milk (stained with fluorescent dye) in just 3 min, especially in counting of samples containing high concentrations of cells via very lowcost disposable set and relatively inexpensive hardware. The throughput of the system can be further improved by running the sample with a higher flow rate, however there is a certain threshold for the flow rate since faster flowing cells may 
Concluding remarks
Rapid and low-cost microfluidic platform for counting of both somatic cells and bacterial cells in milk was developed.
Experiments revealed that the counting results are compatible with the results by the reference cell concentration/ conventional method. Our platform can handle the somatic and bacterial cells count within 20 min without any need for any skilled personnel and much faster compared to the conventional methods. The overall platform has an overall dimension of 25x25x25 cm and weighs approximately 9 kg in this current configuration which can be claimed to be portable. However, with a better engineering the size of the chassis of the system can be further reduced for better portability. In future studies, it is planned to reduce the detection limit of the system to 1000 cells/mL during the same measurement period with lower magnification, similar numerical aperture objective lenses and higher resolution low-light cameras. The optics can also be re-designed to have two fluorescent imaging systems capable of simultaneously measuring somatic cell and bacterial count at different locations on the same microchannel. The proposed platform may be applied for on-site microbial quality control of milk during the collection from the producer. Moreover, the technology can be potentially adapted for on-site real-time food quality monitoring of aqueous solutions such as water, clarified fruit juices as well as in determining the bacteria and cell concentrations for microbiological and other biological applications as long as desired accuracy of a particular application is within the limit of our platform. x-axis data is obtained by the conventional method. The dashed line on the graph is not a linear trend line, it is informational to show the precision of the counting method with the microfluidic platform and conventional method
